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A dynamical model for the dark energy is presented in which the “quintessence” field is the axion, 
az, of a spontaneously broken global U( 1)^ symmetry whose potential is induced by the instantons 
of a new gauge group SU(2)z- The SU{2)z coupling becomes large at a scale Az ~ 1CU 3 eV starting 
from an initial value M at high energy which is of the order of the Standard Model (SM) couplings 
at the same scale M. A perspective on a possible unification of SU(2)z with the SM will be briefly 
discussed. We present a scenario in which az is trapped in a false vacuum characterized by an 
energy density ~ (10 -3 eV) 4 . The lifetime of this false vacuum is estimated to be extremely large. 
Other estimates relevant to the “coincidence issue” include the ages of the universe when the az 
potential became effective, when the acceleration “began” and when the energy density of the false 
vacuum became comparable to that of (baryonic and non-baryonic) matter. Other cosmological 
consequences include a possible candidate for the weakly interacting (WIMP) Cold Dark Matter as 
well as a scenario for leptogenesis. A brief discussion on possible laboratory detections of some of 
the particles contained in the model will also be presented. 


I. INTRODUCTION 

The nature of the dark energy (responsible for an ac¬ 
celerating universe Q) is one of the deepest problem in 
contemporary cosmology. Supernovae observations at 
redshifts 1.25 < z < 1.7 when combined with cosmic 
microwave background (CMB) and cluster data gave an 
equation of state w = p/p = —1.02 + 0.13 — 0.19 J| 
and are consistent with a generic AC DM model where 
w = —1 independently of z. Most recently, distance mea¬ 
surements of 71 high redshift Type la supernovae by the 
Supernova Legacy Survey (SNLS) up to 2 = 1 combined 
with measurements of baryon acoustic oscillations by the 
Sloan Digital Sky Survey also fits a flat AC DM with 
constant w = —1.023 ± 0.090 ± 0.054 Jj. Future pro¬ 
posed measurements to test whether or not w is time- 
varying will be of crucial importance. Various forms of 
Quintessence had been proposed to describe the present 
accelerating universe 0. A generic feature of these mod¬ 
els is the presence of a time-varying w. However, it is 
a known fact that the dark energy is subdominant at 
higher values of redshift which makes it much harder 
to detect the 2 -dependence of w 0. Until this is re¬ 
solved, it is practically impossible to distinguish the class 
of quintessence models with time-varying w from one in 
which w is practically constant and is equal to —1. How¬ 
ever, one should keep in mind that several quintessence 
models typically predict w > — 1 now with many of them 
having w > —0.8. In fact, one can try to reconstruct the 
quintessence potential as had been done recently by |©J 
whose analysis of recent data appeared to favor a cosmo¬ 
logical constant. 

Is there a quintessence scenario in which w = — 1 for a 
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large range of 2 and which mimics the AC DM model? 
Can such a scenario make predictions that go beyond 
the accelerating universe issue and that can be tested 
experimentally? These are the types of questions we wish 
to address in this paper. 

There exists a well-known phenomenon that can be 
readily applied to the search for models that mimic 
AC DM: The idea of the false vacuum. It has been used 
in the construction of models of early inflation (although 
a “standard model” is yet to be found) 0. In its sim¬ 
plest version, the potential of a scalar field (whose nature 
depends on a given model) develops two local minima: a 
“false” and a “true” one, as the temperature drops below 
a certain critical value. In this class of models, the uni¬ 
verse is trapped in the false vacuum and the total energy 
density of the universe is soon dominated by the energy 
of this false vacuum, leading to an exponential expansion. 
For the early inflation case, models have been constructed 
to deal with the so-called graceful exit problem, i.e. how 
to go from the false vacuum to the true vacuum without 
creating gross inhomogeneities, resulting in a class of so- 
called new inflationary scenarios (see 7] for an extensive 
list of references). 

Is the fact that present measurements appear to be 
consistent with a flat AC DM model with a constant 
w = —1 an indication that we have been and are still 
living in a false vacuum with an energy density p vac ~ 
(10 -3 eV) 4 ? If that is the case, when did we get trapped 
in that false vacuum and when are we getting out of it? 
And where does this false vacuum come from? 

In this paper, we would like to explore the above pos¬ 
sibility and present a model for the false vacuum sce¬ 
nario. First, we will postulate the existence of an un¬ 
broken gauge group SU(2)z 0 and show that, start¬ 
ing with a gauge coupling comparable in value to the 
Standard Model (SM) couplings at some high energy 
scale (~ 10 16 GeV), it becomes strongly interacting at 
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a scale ~ 10~ 3 eV. This new gauge group SU(2)z 0 
can be seen to come from the breaking E 6 |l(J into 
SU(2)z CS> SU(6), where SU(6) can, as one possible sce¬ 
nario, first break down to SU(3) C ® SU(3)l ® U( 1) and 
then to SU(3) C <g> SU(2)l (g> U(1)y, the details of which 
will be dealt with in a separate paper EH- Next, we will 
list the particle content of our model and present an ar¬ 
gument showing how the SU{2)z instanton-induced ax- 
ion potential can provide a model for the aforementioned 
false vacuum with the desired energy density [l2|. We 
will compute the transition rate to the true vacuum and 
show that it is plausible that the universe was trapped 
in this false vacuum and will be accelerating for a very, 
very long time. We then show that the particle spec¬ 
trum of the model contains fermions which have the nec¬ 
essary characteristics of being candidates for a WIMP 
Cold Dark Matter. Finally, we will briefly discuss the 
possibility of SM leptogenesis in our model where the 
SM lepton number violation comes from the asymmetry 
in the decay of a “messenger” scalar field which carries 
both SU(2)z and SU( 2)r quantum numbers. A more 
detailed version of this leptogenesis scenario will appear 
in a separate paper 0 . We will end with a brief discus¬ 
sion of the possibility of detection for the messenger field 
and the SU(2)z fermions (CDM candidates). 


II. SU(2) Z AS A NEW STRONG INTERSECTION 
AT EXTREMELY LOW ENERGY 

In this section, we would like to discuss the possibility 
of a new asymtotically-free gauge group, SU(2)z, which 
can grow strong at an extremely low energy scale such 
as ~ 10~ 3 eV, starting with a coupling of the same or¬ 
der as the Standard Model couplings at high energies 
and, in particular, at some “GUT” scale ~ 10 16 GeV 
@. We first show how, using the particle content of the 
model, the SU(2)z gauge coupling evolves from an ini¬ 
tial value which is close to those of the SM couplings at 
a typical GUT scale M to az = ~ 1 at a scale 

Kz ~ 10 -3 eV. (In a GUT scenario like the Eq example 
mentioned above, A z could be seen as being generated 
from the GUT scale M.) Turning things around, one 
can ask the following question: If one would like to have 
az = <?§/47t ~ 1 at a scale ~ lCU 3 eU, what should 
the initial value of az be at high energies in order for 
this condition to be fulfilled? As we shall see below, it 
turns out that this initial value is correlated with the 
SU(2)z particle content and on the masses of the SM- 
singlet SU(2)z fermions in an interesting way: az{M) 
decreases as the masses of the SU(2)z fermions increase. 
If we wish otz{M) to be close in value to the SM cou¬ 
plings, we find the masses of these fermions to be in the 
GeV region, an interesting range for the dark matter as 
we shall see below. We will then discuss a possible origin 
of SU(2)z from a grand unified point of view with more 
details to be presented elsewhere m. 


A. The SU(2)z model and its particle content 

The gauge group that we are concerned with is 


Gsm SU(2) z , (1) 

where 

G S m = SU{3)®SU{3) L ®U{l) Y . (2) 

The SU(2)z particle content is as follows. 

• Two fermions: ip^R )» = (1,1, 0,3) under SU (3) g> 
SU(2) l <g) U(1) Y <8> SU{2) Z , where i = 1,2. The 
reasons for having two such fermions will be made 
clear below when we discuss the evolution of the 
SU{2)z gauge coupling. 

• Messenger scalar fields: = 

(1) 2, Y v = -1, 2) or two <p\ Z) = (^ z )-°, = 

(1, 2, Y(p = -1, 3) under SU(3)®SU{2) L ®U(l) Y <8> 
SU(2)z, where * = 1,2. Again the reason for hav¬ 
ing two <p (one of which will be assumed to be 
much heavier than the other) will be made clear 
below. Briefly spaeking, it has to do with the SM 
leptogenesis mechanism proposed at the end of the 
manuscript. For this reason, the scenario with two 
<p is more attractive than that in which one has 
only a SU(2)z doublet We discuss both cases 
in the section on the gauge coupling evolution for 
completeness and for the purpose of comparison. 

• Complex singlet scalar field: $z = (1,1, 0,1). 

Finally, the SM particles are assumed to be singlets 
under SU(2)z , namely 

• q L = (3,2,1/3,1); u R = (3,1,2/3,1); d R = 
(3,1, —1/3,1). 

. Il = (1,2, —1,1); e R = (1,1, —2,1). 

The above notations are meant to be generic for each SM 
family. We do not list the right-handed neutrinos, which 
we believe to exist, since they are singlets under Gsm <8> 
SU(2)z and are not relevant for the present analysis. 

A few words are in order concerning the above choices. 
The fermions are chosen to be triplets of SU (2) z in or¬ 
der to “slow down’ the evolution of the SU(2)z coupling. 
The messenger scalar fields are chosen for two purposes: 
1) to contribute to the (3 function of SU{2)z and 2) to 
connect the aforementioned fermions to their SM coun¬ 
terparts. The singlet complex scalar field is introduced in 
the manner of Peccei-Quinn fl4]. The instanton-induced 
“axion-potential” is used to model the dark energy, as we 
shall see below. 
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B. The Lagrangian of the model 

The Lagrangian for Gsm < 8 > SU(2)z is 

£ = Csm + C z in + Cyuk + Ccp - v(\tp {z) I 2 or \ip {z) | 2 ) 

~V{\4>z\ 2 ), (3) 

where Csm is the well-known SM Lagangian, which does 
not need to be explicitely written down here, and where 

i 

or ^( J D / x^ (Z) ) t (D /i 4°)) 

+ yi (4) 

i 

r — T rn m( Z ) nlX Z ) -L n l *// Z h 

t-'yuk ~ / v'fa m L L ri Yi,R '9(p 2 m L L ri,R) 

i m 

+ Ki $L Z J V> R, i 0Z + h - c - > (5) 

i 

Ccp = ^ G % ) ^ {Z) ’ fiU ■ ( 6 ) 
The covariant derivative acting on ip is given by 

^W Z) = (4 - - ig z ^.A\P)^ z) , 

(7a) 

^mV< Z> = (4 - “ ^T.A{f))#> , 

(7b) 

and that acting on t is given by 

= (^A* — 4(4),i > (®) 


C4 

■e~ ia 4 Z l, 

(9b) 

c- 


(9c) 


e~ 2ia <t>z, 

(9d) 

9 Z —> 

6z — 4a, 

(9e) 

im 

l L ~ 

. Aol jm 
-> e t L , 

(9f) 

~{Z) 

<Pi 

~(Z) 

(9g) 


Since £s m contains Yukawa couplings between the SM 
leptons to the SM Higgs fiels 4>sm of the form T™ (/)sm Ir 
(and also T™(j)SMV R for the neutral leptons), where l R 
(u R ) denotes the charged (neutral) right-handed leptons, 
it will be invariant under the above U(1) A ' > global sym¬ 
metry provided 

M?) *£(!#), (10) 

when we use the transformation itiifll . All other SM par- 
tides are unchanged under U(ly A . 

The above [/(l)^ J symmetry plays an important role 
in the emergence of an SU(2)z instanton-induced axion 
potential which could drive the present accelerating uni¬ 
verse, as we shall see below. 


D. Spontaneous breadown of U{1)^ and masses of 


where {T l )jk = i e yfe . In Eqs. (14161 1711511. we use boldfaces 
to express explicitely the triplet nature of the SU(2)z 
gauge fields and (p. Also, in Eq. 14151 . the sum over m 
means that we are summing over the number of SM fami¬ 
lies while the sum over i means that we are summing over 
the two SU (2 )z fermions and the two triplet scalars. The 
coefficients g^ im , gp 2 m, and Ki are, in general, complex. 

C. Global symmetries 

( Z) 

The Lagrangian written above exhibits a U(ly A 
global symmetry. In fact, Eqs. 15161 are invariant under 

( Z') 

the following U(ly A ' phase transformation: 


In this section, we will discuss the masses of parti¬ 
cles, and <p[ Z 2 ^ or ip^ z \ which carry SU(2)z quan¬ 
tum numbers since we would like to examine the evo¬ 
lution of the SU(2)z gauge coupling. This in turn will 
put interesting constraints on these masses. Those of 
ip\ 2 come from the spontaneous breaking of U(ly A ' de¬ 
scribed above, while the scalar masses are arbitray gauge- 
invariant parameters. 

The spontaneous breakdown of 17(1)^ ' gives masses 
to i/j^ Z ' 1 through Eq. J3J. With the potential V(4>\<t>z) 
of the form 

f(4^) = (a/ 4)(4^-4) 2 , (ii) 

the vacuum-expectation-value (VEV) of <j>z is given by 



(9a) 


(' 4>Z) = Vz ■ 


( 12 ) 


e ia75 4 Z) . 
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where v z is real. In fact, one can write 

4>z = Vz exp (iaz/vz) + cr z , (13) 

where (a z ) = 0 and (az) = 0. The field az, the SU(2) Z 
axion, would be a massless Nambu-Goldstone boson if 
it were not for the fact that the U(ly A ; symmetry is 
explicitely broken by the SU(2) z gauge anomaly which 
we will discuss in Section (). 

There is a remaining unbroken Z(2) (for two flavors) 
symmetry of U(1)^ A \ This implies that there are two 
degenerate vacua. In a similar fashion to 0 , we will add 
a soft breaking term to U(ly A to lift this degeneracy. 
This has an important implication to the dark energy 
scenario discussed below. 

Before discussing the masses of il>\ Z \ an impor¬ 
tant remark should be pointed out. Since we 
would like SU(2) Z to be unbroken , one can choose 
I 'y(tp( z )J ,<p( z ) or t ip( z ^) such that <p^ or ip^ has 

vanishing vacuum expectation value. Therefore, with the 

triplet scenario, Eq. © does not give a mass mix- 

(Z) 

ing between '</;) and the SM leptons. The masses of 
ip\ ; comes from their couplings to <j> z . 

From Eqs. ©, one obtains 


m ^[ z) = \ K l\ y Z , 

(14a) 

TO 4 Z) = \ K z\vz ■ 

(14b) 


In Section cm where we discuss the evolution of the 
SU(2) z gauge coupling, it will be seen how one can ob¬ 
tain constraints on m (z> and hence on \K\ 2 \v z . As we 

r 1,2 

shall see below in both the sections on the evolution of 
the SU{2) z coupling as well as the section on dark mat¬ 
ter, one expects at least m (z) to be around 100 GeV 

r , 2 

or so which implies that v z could range in the several 
hundreds of GeVs. 


E. Masses of the messenger scalar fields 

The other particles which enter the evolution of the 
SU(2) z gauge coupling at one-loop are <p\ Z } or p( z ' ) . It 
is well-known that the masses in the scalar sector rep¬ 
resent a notoriously difficult problem to tackle, in par¬ 
ticular the so-called gauge hierarchy problem which is 
present when there exists several widely different mass 
scales in the model, e.g. A ew and A gut- There exists 
a continuing large body of works on the subject with the 
essential points being as follows. First, there is a fine- 
tuning problem already at the tree level that sets the 
small and large scales apart. Second, the tree-level fine- 
tuning can get spoiled by radiative corrections. Super- 
symmetry provides an elegant candidate for making this 
second problem “technically natural”. Other alternative 


attempts have been made to keep the “small scale” ra- 
diatively stable. Our model falls into the same category 
as a typical GUT scenario which is usually characterized 
by two sets of widely different scales such as A ew and 
A gut- It is beyond the scope of this paper to get into 
the (more general) gauge hierarchy problem and we will 
restrict to a discussion of how masses are obtained at 
the tree-level. We will assume, as with a generic GUT 
scenario, that the “small scale” is radiatively stable by 
either supersymmetry or some other mechanisms. 

As we have mentioned above, the scalar fields which 
carry both SM and SU{2) z quantum numbers, are 
assumed to have zero vacuum expectation values in 
order for SU{2) z to be unbroken. The potential 
U(y>( z 7or ip( z ' ) ’ ty)( z )) will the contain a gauge- 
invariant mass term of the form: 


E 


0,2 


— m 

2 v 


(■ Z ). 


■d zu -ri z) 


(15) 


or 


0.2 ,„(Z),+ (Z) 






(16) 


In addition to the above “bare” masses, the messenger 
fields can acquire masses by possible couplings to scalars 
that do have non-vanishing VEVs such as 4> z and 4>sm-, 
and possible other scalar fields (f>j which can come from 
the GUT sector as we will see below. We can have 

C-V = E -vl Z \^iZ &Z&Z + KsM 0SM0SM + 

i 

EM^)> ( 17 ) 

3 

or 

£<P = V 5<Z ' ) (Az <t>Z + ^SM 0SM 4>SM+ A (f)j) , 

(18) 

where 


(<t>z) = v z ; (<Asm) = vsm ; (<t>j) = vj . (19) 

and where we will assume 


Vj > v z ~ 0(v S m ) ■ ( 20 ) 

The effective mass squared can be now written as 

eff, 2 0,2 . 2 , n\ 2 

”V Z ),(1,2) ~ 77 Vz>,(1,2) + 2A(1,2)Z^Z + ^\i,2)SMV S m 
+ E 2 A(1,2P,-^, (21) 

3 


or 


n \{ f z) 2 — TO °’(z) + 2A (zuj + 2A smv'sm 

+ E 2 A E- ( 22 ) 

3 
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As we have mentioned in Section (III All . the scenario 
with two (p is more attractive than that in which one has 
only a SU(2)z doublet p( z ' ) because of the leptogenesis 
scenario proposed at the end of the manuscript. However, 
for completeness, we will discuss both cases in this section 
in order to compare them in the section on the evolution 
of the SU(2)z gauge coupling. As we shall see in that 
section, one of the two <ps will be required to be much 
heavier ( mass of 0(“GUT”) scale) than the other, of 
mass of 0(Aew)i i n order for the initial high energy value 
of the SU(2) Z coupling to be of the order of the SM 
couplings. 


With the VEVs given in Eq. 1191) . one now obtains 
to^’) 2 (1 ,2) = to £(z) + 2A^u| + 2A smVsm 

tE 2 Vi- (27) 

3 

From Eq. E3b one can see that the constraint m 
is now translated into 

m ^fz) ~ E ^ v j — > (28) 

0 


• Let us first discuss the triplet tp 1 ' 2 ' 1 case. From Sec¬ 
tion () on the RG evolution of the SU(2)z coupling, 
we will see that one needs m e // z f 1 ~ 0(A 2 EW ) and 

V), 2 ~ 0(A gut ), i.e. m^ z)1 < m^ z) r Since 

2A(i j 2)z^|+2A( 1 2)sm^Im ~ 0(A EW ), where A EW 
is the electroweak scale, one would then require 

TO°’(Z),1 + E ^ v j — ! (23) 

j 

if we wish to have m e // z f 1 ~ 0(A EW ). The con¬ 
straint E3 coupled with Eq. m would guarantee 
that rn e J/ z f 2 ~ 0(v 2 ) provided A 2 ,j > Ai j- Some 
cautionary words concerning the above constraint 
will be mentioned at the end of this section. 

From E3, one could entertain several possibilities. 
The most obvious is one in which Aij = 0; A 2 ,j > 
0 and m°J 2 z)1 ~ m^ ( 2 z) 2 ~ 0(A 2 EW ). This will 
guarantee, at tree-level, that m e J/ z f ± ~ 0(A 2 EW ) 
and m e // z f 2 ~ 0{v 2 ) > m^z)^. 

Another possibility is one in which one assumes 
a global SU{2) symmetry among ip[ Z) and t p^\ 
which, for simplicity, will be denoted by SU(2)^. 
The doublet of SU{2)<p is now 

^(|!). (24, 

A S'C/(2)^-invariant term, including “bare” masses, 
can be written as 

(5 TO ^fz) + AiZ 02 (f>Z + A iSM 05M 0Sm) ft ft = 

(l TO ^fz) + 0Z 0Z + A iSM 0SM 4>Sm) 

x(E-=i0f ) ’ t -0f ) ) (25) 

One can have an explicit SU (2)^-breaking term in 
the coupling of (p to cf)j as follows 

ft T3 ftT,j A j(j>) (j)j) = 

(V2 Z) ’'■ < f { 2 Z) - ft Z)A ■<p[ Z) ) X (Ej A j<t>) 0j) ■ (26) 


in order for ^ 0(A 2 EW ). Furthermore, once 

the constraint is satisfied, one automatically 
obtains m e // z) 2 2 ~ 0(y 2 ) » m e // z f A ~ 0(A 2 EW ). 
However, one needs a delicate cancellation in EHl- 
For this reason, it is not clear that this is more at¬ 
tractive than the first possibility discussed above. 
The purpose here is simply to mention various sce¬ 
narios. 

• For the SU(2) z doublet p^ z \ the discussion of its 
mass is identical to the first possibility mentioned 
above. In brief, if A j = 0 and to 3 ’ ( 2 z) ~ 0( A? EW ), 

one obtains at tree-level m e { z 2 ~ 0(A EW ). 

As we have mentioned at the beginning of this section, 
it will be assumed that there is a mechanism (supersym¬ 
metry, etc...) which will make the smaller mass scale ra- 
diatively stable. We will again see that the evolution of 
the SU(2)z gauge coupling puts a non-trivial constraint 
on j or m v (z). 


F. Evolution of the SU(2)z gauge coupling 

In this section, we will study the evolution of the 
SU(2)z gauge coupling with the particle content listed 
in Section Jim . In particular, we will explore the con¬ 
ditions under which the coupling, az = starting 

with an initial value close to that of the SM couplings 
at high energy (which would suggest some type of uni¬ 
fication), increases to az ~ 1 at Az ~3x 10 -3 eE. In 
this discussion, we will see how the initial value of the 
coupling depends on the masses of the SU(2)z particles 
if we require that az ~ 1 at Az ~ 3 x 10~ 3 eV. For this 
analysis, we will use a two-loop /3z function to study the 
evolution of az ■ 

The SU(2)z fermion masses are given by Eq. 11411 . 
Since both the Yukawa couplings and vz are arbitrary, 
in the following we will assume that the Yukawa couplings 
are small enough so that we can neglect them in (3z • 

The evolution equation for az at two loops can be 
written as 


da z 


—8 7T b° z a| — 32 tt 2 b [ z a|, 


dt 


(29) 
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where 

b °z = (y ^ - ^n s )/16n 2 , (30a) 

b l z = (|) (34 - 32 n F - 28 n s )/( 16 tt 2 ) 2 , (30b) 

for the SU(2) Z triplet scalar case ip\ Z ' > = (3,2) (under 
SU(2) Z 8 SU{2) L ), and 

OO O 1 

= ("g— 3 Uf _ 3 n s)/16 tt 2 , (31a) 

b z = (^) (34- 32 n F - ^ n s )/(167r 2 ) 2 , (31b) 

for the SU(2)z doublet case <p^ = (2,2). In ©H and 
(ED- we have already taken into account that both ip[ Z ' > 
and i p < ' Z ' 1 are doublets under SU{2) F . 

We will divide the evolution of az into four regions. 

I) Between a “GUT” scale M and the scalar mass 
to-cz) (or muz)): np = 2 and ns = 1. 

(£>1 'V 

In the scalar triplet case, we will assume that ?tto(z) ~ 
M and will not include it the evolution equations. The 
rationale for this assumption stems in part from the fact 
that we wish SU{2)z to be asymptotically free below 
M and in part from the leptogenesis scenario alluded to 
above. 

II) Between to^(zj (or m^z)) and to^(z): n F = 2 and 
n s = 0. 

III) Between to ( (z> and to ,(z>: n F = 1 and ns = 0. 

W2 ri 

IV) Between to ,(z> and A z’- n F = 0 and ns = 0. 

Starting with a value for az(M), one can use Eq. it^l) 
to evolve it through the four regions, with the condition 
that az(Az) = 1. With this condition, one can immedi¬ 
ately see how, for a given atz(M), the evolution depends 
on the various mass thresholds. One can also see, for 
a given set of masses, what az(M) should be in order 
for az(Az) = 1- Since an exhaustive analysis of these 
dependences is outside the scope of this paper, we will 
show a few typical examples for the purpose of illustra¬ 
tion and for the discussion of the dark energy and dark 
matter scenarios. 

For definiteness, we will take M = 2 x 10 16 GeV and 
Az = 3 x 1CT 3 eV. Since we wish to illustrate the range 
of masses which is attractive from a phenomenological 
viewpoint, we will also set ?7 TO(z) = 300 GeV (and simi¬ 
larly for to v (zj). We solve Eq. J23) numerically. 

First we set m^(z> = 100 GeV. We then show in Table 

I and Figures □ □ El El 0) the dependences of az(M ) 
on to^(z) . We show graphs corresponding to to^(z) = 
50 GeV , 10 GeV , 1 GeV , 1 MeV , 1 eV respectively. 
We can clearly see that, as we lower the value for to , (z>, 

az{M) also decreases. In fact, az(M) varies from 1/41.6 


TABLE I: Correlations between mi, m 2 and a^^AI) with 
A z = 3 x 10 -3 eV and M = 2 x 10 16 GeV, for the SU(2)z 
triplet and doublet messenger field respectively. The con¬ 
straint is az{Az) = 1. 



mi 

m2 

a-\M) 

m _(z) = 300 GeV 

50 GeV 

100 GeV 

41.6 

<Pl 

10 GeV 

100 GeV 

40.86 


1 GeV 

100 GeV 

39.83 


1 MeV 

100 GeV 

36.7 


leV 

100 GeV 

30.17 


100 GeV 

200 GeV 

42.2 


50 GeV 

200 GeV 

41.9 

m^(z) = 300 GeV 

50 GeV 

100 GeV 

47 


to 1/30.17 as to^(z) varies from 50 GeV to 1 eV. From 

Figs. □ □□□El. one notices that az{E) and a z 1 (E) 
are relatively flat until E reaches the mass of the lightest 
of the two fermions, namely to <zj . They then steepen 

n 

and reaches unity at A z = 3 x 10~ 3 eV. 

For the purpose of seeing how e.g. a 10 % change in the 
initial az{M) affects the scale where az reaches unity, 
we show in Fig. © a z 1 {E) for the case to^(z> = 50 GeV 

with az(M) = 1/38 instead of 1/41.6 used in Fig. © 
(a 10 % change). We notice that this corresponds to 
\new ^ X9 x Az ~ 5.7 x 10 -2 eV, a still very small scale. 
As we have mentioned above, for a given value of az{M), 
one can always choose to^<z) so that az = 1 at A z- 

(Also, without showing a plot, we find that, for the same 
set of mass parameters, the choice of az{M) = 1/28, 
which is a 50 % change from 1/41.6, will make az = 1 
at ~ 2 x 10 2 eV.) 

For comparison, we also show two plots with to^(z) = 
200 GeV and rryz, = 100 GeV , 50 GeV. From" Fig. 
□ ©, we can see that the change in the initial coupling 

az(M) from the previous case with to (z> = 100 GeV 

V J 2 

and to^(z) = 50 GeV is insignificant. This is shown in 
Table 1.' 

Finally, we show in Table I and Fig. © a result for 
the SU(2)z doublet messenger field. Here we observe 
that, for the same range of masses, the initial coupling 
az{M) is approximately 11 % smaller than the previous 
case. As we have mentioned earlier, we will concentrate 
on the triplet case since it is quite relevant to the SM 
leptogenesis proposed in our model. 

It is interesting to note that the SU[2)z coupling in 
various cases shown in Figures (trim varies very little from 
its value at the “GUT” scale M to E ~ to . (z>. In this 

r 1,2 

sense, the model is almost scale-invariant in the afore¬ 
mentioned interval. This fact will be very useful in our 
discussion of candidates in our model of the Cold Dark 
Matter. 

In summary, we have seen in this section that, as can 
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be seen from Table I and Figs. <111811 . it is quite straight¬ 
forward to have SU (2 )z strongly interacting at a very low 
mass scale A z = 3 x 10 -3 eV. Furthermore, for initial 
values of az(M) close to the SM couplings at compara¬ 
ble scales- which suggest some unification with the SM at 
around that scale, the masses of x 2 are located in 

the region (e.g. ~ 50 — 200 GeV) where the combination 
of mass values as well as the strength of the SU(2)z cou¬ 
pling (weak) is such that they can become candidates for 
the WIMP cold dark matter, a subject to which we will 
turn below. (We should keep in mind the possibility that 
az{M) can be anywhere in the range shown in Figures 
PEI , depending on the mass of i an d, further¬ 

more, on the pattern of the GUT breaking as mentioned 
below.) But we will first discuss the implication of the 
SU(2) Z scale A z ~ 3 x 10 -3 eV concerning the dark en¬ 
ergy which is thought to be responsible for the present 
accelerating universe. 

We end this section by briefly mentioning the possibil¬ 
ity of unifying SU(2)z with the SM. The most attractive 
route in trying to achieve this unification is by noticing 
that the famous GUT group E 6 contains SU(2)®SU(6). 
One can envision the following symmetry breaking chain: 
E 6 -> SU(2) Z ®SU(6) -> SU{2) Z ® SU(3) C ® SU(3) L ® 
17(1) -► SU(3) C ® SU{2) l ® U(l) y SU(2) z ® SU( 3) c ® 
U(l) em . A detailed study of this scenario, including the 
symmetry breaking as well as the evolution of the cou¬ 
plings, is in preparation El- 


ill. SU(2) Z AND THE DARK ENERGY 

In this section, we will present a scenario in which 
the SU(2)z axion is trapped in a false vacuum of an 
instanton-induced axion potential and whose vacuum en¬ 
ergy is ~ (A z) 4 0. We will then present an estimate of 
the tunnelling probability to the true vacuum and hence 
the lifetime of the false vacuum. The basic assumption 
here is that we are currently living in a false vacuum and 
that the associated vacuum energy relaxes to zero once 
the phase transition is completed which will occur in a 
very, very distant future according to our scenario (see 

Eq. ( 1331 )). 


A. The axion potential 

In Section (Urn . we present a discussion on the spon¬ 
taneous breakdown of the global U( 1)^ symmetry of 

(Z) 

our model which is responsible for giving masses to ip\ f. 
This is due to the non-vanishing VEV of a complex scalar 
field, (j>z = vz exp(iaz/vz) + az, where (az) = 0 and 
(az) = 0. This results in a massive scalar, az, and a 
massless Nambu-Goldstone (NG) boson, az- (Notice 
the following periodicity: az —*■ az + 2ttvz-) How- 
ever, the U(ly A J global symmetry is explicitely broken 


by SU(2)z instantons and az becomes a pseudo Nambu- 
Goldstone (PNG) boson with a mass squared of order 
A %/ v z as we shall see below. This is quite similar to 
the famous Peccei-Quinn axion. This axion, az, is the 
“quintessence” field of our model. 

The instanton-induced axion potential has been cal¬ 
culated for the PQ axion and can be straightforwardly 
applied to our model. At zero temperature, one expects 
the axion potential, in the absence of a soft breaking 
term, to look like V(az) ~ A^[l — cos such that 

V(az = 0) = 0. However, at temperatures T A z, 
the SU(2)z axion potential is flat because the contri¬ 
butions from SU(2)z instantons and anti-instantons are 
suppressed In fact, the instanton number density 

decreases drastically at high temperatures as n(p, T) oc 
exp(—[8 n 2 /g z +c (it pT) 2 ]) where c = 2 whenT > to^(z) 

and c = 4/3 when T < m az) , with p being the instanton 

Vl,2 

size. Notice also the well-known factor exp(—8 7r 2 /g|) 
which, for an asymptotically free theory like SU(2)z, in¬ 
creases as the temperature decreases since g 2 z does so. 
One might parametrize this phenomenon in the follow¬ 
ing way: 

V(a z ,T) = A%[1-n(T) cos— ], (32) 

VZ 

where k(T ) embodies the temperature dependence of 
the instanton constribution. As we have mentioned ear¬ 
lier, we expect k(T) to rapidly decrease in magnitude as 
T 3> A z and, as a result, V(az,T A z) ~ A\. How¬ 
ever, for T < Az, one also expects k(T) ~ 1 in which 
case V(az,T) exhibits two degenerate minima, one at 
(az) = 0 and one at (az) = 27 tvz, with the potential 
barrier between the two being 2A A Z . This is due to the 
fact that there is a remaining Z( 2) symmetry. Such de¬ 
generacy is well-known in the PQ axion potential as it 
has been noted by 0- The computation of n(T) is 
fairly model-dependent. For our purposes, we only need 
to require that k(T) —> 0 for T A z and n(T) ~ 1 
for T < Az, noting that calculations for the integrated 
instanton density at high temperatures as used in the 
effective PQ axion potential show that it falls as T -8 . 
In Figures HID , we show V(az,T) for two values of 
k(T): k(T) = 1 and k(T) = 1CU 3 (as an illustrative 
value). Notice how quickly V(az,T ) quickly flattens out 
at high temperature. (For that reason, we do not show 
figures with k(T) < 10 -3 .) 

In 0 , the Z(N) degeneracy of the PQ axion potential 
is lifted by a soft-breaking term (to evade the so-called 
domain wall problem) of the form e lS y 3 $> + h.c ., where 
$ is a SM singlet and p 3 <C Aq CD /v<s>. Similarly, as in 

0, we would like to propose the following 1/(1)^ soft 
breaking term to lift the Z(2) degeneracy: 

Vb = A| ■ (33) 

27t vz 

We shall assume a similar temperature dependence 
namely k(T) for Vb such that for T A z, the total 




effective potential Vtot = V{az,T) + Vb{T) is flat and, 
for T < Az where we assume that k(T) = 1, it is given 
by V tot = A 4 [1 - cos ] + A 4 We propose 

V tot {a z ,T) =A%[1- k{T) cos —] + n(T) A 4 . 

^Z 27T fZ 

(34) 


B. The false vacuum, its transition probability and 
the equation of state 


A value of r of this magnitude means that practically one 
is stuck in the false vacuum for a very, very long time. 

Assuming az to be spatially uniform, the equation of 
state parameter w is given by the well-known expression 


w(a z ) 


bq| -V(a z ) 

h d z + V{a z ) ' 


(40) 


When the universe is trapped in the false vacuum at az = 
2ttvz, \a?z ~ 0 and one obtains 


We now discuss a cosmological scenario based on m- 

1) We show in Figure TH?1) V) ot (az, T) for k(T) = 10 3 . 
So, at T> Az, the potential is flat. One might expect 
the value of the classical az held to be az ~ 0(vz )• As 
long as the potential stays flat, it will hover around that 
value as the temperature decreases. 

2) We show in Figure (Thill V to t(az,T ) for k(T) = 
10 -0 - 3 . We now see the appearance of two local min¬ 
ima: one at az = 0 and the other (higher in energy) at 
az = 2 ttvz- The latter is the false vacuum that we had 
mentioned above. As az hovers around ~ 0(vz ) when 
the temperature decreases, it gets trapped in the false 
vacuum when a local minimum develops at az = 2nvz- 

3) In Figure lllll . we show V tot (az,T) for k(T) = 1, 
i.e. at T ~ Az- The true vacuum at az = 0 now has zero 
energy density and the barrier between the two vacuua 
is now higher. The difference in energy density between 
the true vacuum at az = 0 and the false vacuum at 
az = 2 7r Vz is A\. The universe is still trapped in the 
false vacuum. How long does it stay there? 

The first order phase transition to the true vacuum at 
az = 0 proceeds by bubble nucleation. The rate of the 
nucleation of the true vacuum bubble is written as 


w(az) ~ - 1- (41) 

This means that the quintessence scenario presented here 
effectively mimics the flat A CDM model! 

C. Estimates of various ages of the universe in our 
scenario 

It is useful to estimate when the energy density ,A A Z , 
of the false vacuum started to dominate over the matter 
(baryonic and non-baryonic) energy density and when 
the deceleration ceased and the acceleration kicked in. 
First, one can readily estimate the temperature and time 
when p vac = A z equals the matter (baryonic and non- 
baryonic) energy density pm as follows. We start with 
the now accepted flat universe condition 

17m + z = 1> (42) 

where for definiteness we set the present values of H’s to 
be 

= 0-3 ; = 0.7. (43) 


r = Aexp{— Se} , (35) 


where the Euclidean action Se, in the thin wall limit, 
can be computed by looking at 


S = 


paz—0 


/ az—2nvz 


2(A^)[l — cos —]daz = 8 vz A| (36) 


giving 


Se 


27 7T 2 S' 4 

2AP 


> 5 x 10 5 (- 7 —) 4 • 
Az 


(37) 


For vz ~ a few hundreds of GeVs, the lower bound on 
Se is huge, approximately 10 62 ! The transition time can 
be estimated to be (with T c ~ Az) 


3 H 
47tT 


{( —) 2 exp {S E }}t p i 

mpi 


(38) 


where we have taken H ~ Tf/m p i and A ~ 0(1). This 
gives an estimate for the transition time to be approxi¬ 
mately 


(39) 


Since pm oc T 3 and p vac = A\ is constant, it follows 
that, with To = 2.7° K, 

T = T o ® 1/3 (^ l ) 1 / 3 . (44) 

'J-C) Pvac 

From THli . th.6 tcmpGrOitlirC T^q <rt which. PM^-^eq) — Pvac 
is found to be 


T eq « 3.6° K. (45) 

In terms of the redshift variable z, since pm oc (1 + z) 3 , 
one finds 

^ = (^) 1/3 - 1 «°- 33 - (46) 

The age of the universe at a given redshift value z is given 
by 


t(z) = H o 1 



dz 

(1 + z )[Qm(1 + z ) 3 + 


, (47) 


where H 0 1 = (0.96 ± 0.04) 1 f 0 with f 0 = 13 ± 1.5Gyr 
being the present age of the universe. Using Eq. TT71i . 


r > (10 -106 s) exp(10 62 ). 










9 


we obtain the following age when the equality happened: 


t eq = 9.5 ± 1.1 Gyr. (48) 

One may also want to know at what value of 2 the 
deceleration “stopped” and the acceleration “started”. 
With the equation for the cosmic scale factor a(t) being 

“=- ^Pi^ + SWi), ( 49 ) 

Qi u 

i 

with wm = 0 and w vac = — 1, the transition between the 
two regimes occured when a = 0, giving 

Pm{Zo) ~ 2 Pvac = 0 . (50) 

This gives 

^O 173 - 1 * 0 - 67 - (5i) 

The corresponding time and temperature are 

t a « 7.2 ±0.8 Gyr, (52) 


T a « 4.5 °K . (53) 

The previous exercises serve two purposes: they give an 
estimate of the time, temperature and redshift value of 
the period when the vacuum energy density began to 
dominate over the matter energy density and the same 
quantities for the period when the universe changed from 
a deceleration stage to an accelerating one, and to com¬ 
pare the two. As one can see, the acceleration began, 
in this scenario, about two billion years before the domi¬ 
nance of the vacuum energy density. As it is well-known, 
both events occured rather “recently”. 

The next question is the temperature, time and red- 
shift value of the epoch when the axion potential devel¬ 
oped a false local minimum, i.e.when Tz ~ A z- One 
has to be however a little bit more careful here concern¬ 
ing the temperature of the SU(2)z plasma as compared 
with that of the SM plasma. At T>mj, where rrii is a 
generic particle mass, all normal matter and matter that 
carries SU[2)z quantum numbers are in thermal equilib¬ 
rium and are characterized by a common temperature T. 
The fact that SU(2)z matter is in thermal equilibrium 

~(Z) 

with normal matter is because the messenger fields, ip) 
or <p( z \ carry both SM and SU(2)z quantum numbers 
and, therefore, can interact with normal matter as well 

as with the SU{2)z “gluons” and fermions . In what 

~(Z) 

follows we will concentrate on the scenario with tp\ ; and 
the estimates to be made below can be easily made for 
the case. 

We first show that the energy density of the SU(2)z 
plasma at the time of Big Bang Nucleosynthesis (BBN) 
is a small fraction of the SM plasma energy density. As a 


consequence, it does not affect BBN. We then relate the 
temperatures of the two plasmas when the lightest of the 
two ip^’s drops out of thermal equilibrium. 

When T < m^z ), ip\ drops out of thermal equilib¬ 
rium (how much might remain will be the subject of the 
next section), SU(2)z “gluons” and fermions ip^ prac¬ 
tically decouple from the SM plasma and its tempera¬ 
ture Tz would go like R^ 1 . To find its relationship with 
the SM temperature T, we use the familiar expression 
for the effective number of relativistic degrees of freedom 
9* — Qbosons + (^/8) 9fermions • Let us recall that 

g* for the SM above the top quark mass is g* M = 427/4 
(right-handed neutrinos are not counted, being SM sin¬ 
glets). To this we add the contibution from the SU(2)z 
sector when all particles are in thermal equilibrium. So 
for T > we obtain gf U ^ z = 39 giving 


total 

y* 


583 

— 


(54) 


After ip^ decouples, let us, for definiteness, label the 
temperature of the SM plasma by T and that of the 
SU(2)z plasma by Tz- The SM number of degrees of 
freedom for m e < T < is <?f M = 43/4. Furthermore, 

if the mass of the lightest of the two ip^’s, namely ip[ Z \ 
is of O(GeV) as we had discussed in Section III FI) . the 
effective number of SU (2 )z degrees of freedom after tp[ Z ' > 
decoupling is simply g^ U ^ z = 6, while it is gt U ^ z = 27 
after <p\ decoupling. One obtains 

Tz=( f S )1/3twojt - (55) 

This gives 


PSU(2) Z 

PSM 


, 4 s ,27 43 

(6X 43 )X( T 583 ) / “°' 13 - 


(56) 


From Eq. (|56|). one can see that BBN is not affected by 
the presence of the SU(2)z plasma. 

One can also relate Tz to the CMB temperature after 
decoupling, i.e. for T < m e . (This is very similar to 
the relation between the photon and neutrino tempera¬ 
tures.) It is given by 


T z 


27 43 4 
( ~6~ 583 U 


)l/3 


T « 0.5 T. 


(57) 


The SU{2)z coupling grows strong (az = 1) at Tz ~ 
3 x 1CT 3 eV - 35°AT. Using Eq. (£T7|) , one can estimate 
the photon temperature at that point to be 


T « 70° K. (58) 

This corresponds to a redshift 

2 « 25 . (59) 


The age of the universe at that point can be calculated 
using Eq. lH7l> to give 


t z « 125 ± UMyr . 


(60) 
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We now summarize the different epochs by listing the 
triplets of numbers: redshift, age, and photon tempera¬ 
ture. They are: 

a) (z « 25 ,t z « 125 ± 14Myr,T « 70 °K) when 
SU(2)z grew strong; 

b) (z a ~ 0.67, t a « 7.2 ± 0.8 Gyr, T « 4.5° A) when the 
acceleration “kicked in”; 

c) (z eq « 0.33, « 9.5. ± l.lGyr, T « 3.6°A') when 

the energy density of the false vacuum equals that of 
(baryonic and non-baryonic) matter. 

From this summary, several remarks are in order. 

1) According to our scenario, the universe got trapped 
in the false vacuum of the az potential long before it be¬ 
gan to accelerate. This means that the mechanism which 
gives rise to the acceleration seven billion years later oc- 
cured at an age when the false vacuum energy density was 
completely negligible compared with the matter energy 
density. 

2) The fact that it started to accelerate six billion 
years ago (i.e. relatively recent time) and that the dark 
energy density is comparable to that of matter has to 
do with the magnitude of the false vacuum energy den¬ 
sity p V ac ~ (3 x 10~ 3 eV) 4 . This is generic with any 
A CDM model having that value of vacuum energy den¬ 
sity. Heuristically speaking, if a model can generate a 
scale this low (i.e.at such a low temperature), the accel¬ 
eration process as well as the similarity in magnitudes of 
energy densities necessarily took place fairly “recently”. 

3) This so-called coincidence (“why now”) problem 
is related to that particular value of false vacuum en¬ 
ergy density. In our scenario, this comes from the scale 
~ 10~ 3 eV where SU{2)z grows strong as we have dis¬ 
cussed in Section (iHFl) . In that section, the initial 
value of the SU{2)z gauge coupling at some “GUT” 
scale of the order of 10 16 GeV is taken to be compa¬ 
rable to that of a SM coupling at a comparable scale. 
This is possible if SU(2)z were to merge with the SM 
into some grand unified group. There is indeed one of 
such groups: the well-known Eq. One can envision the 
following symmetry breaking pattern down to the SM: 
E 6 -> SU(2) Z 0 517(6) -> SU(2) Z <g> SU(S) C <8> SU(3) L <g> 
U( l)i -> SU(2)z®SU(3) c ®SU(2) l ®U(1) 2 ®U(1) 1 -> 
SU(2) Z <8> 5U(3) C <g> SU(2) l ® U{ l)y. This path of 
Eq breaking is very different from the usual one where 
Eg —> 50(10). (The details of this scenario will appear 
elsewhere ll|.) From this pattern, one notices the fol¬ 
lowing features: (i) the SU{2)z and SU(6) couplings are 
equal at the scale of Eq breaking which implies that the 
SU(2)z coupling is close to but does not have to be equal 
to the SM couplings at the same scale; (ii) the unification 
of the SM itself follows a different route from the conven¬ 
tional one where 3-2-1 merge into 517(5) or 50(10). 

Based on the arguments presented above, one cannot 
help, within the context of our model, but wonder if the 
dark energy might be a direct remnant of the unifica¬ 
tion scenario discussed above. It is often said that there 
appears to be an “indirect evidence” for Grand Unifi¬ 
cation in the form of supersymmetric (SUSY) 51/(5) or 


50(10) by “running” the three SM couplings and finding 
that they all meet at one point around 10 16 GeV. How¬ 
ever, considering the possibility that the path to unifi¬ 
cation can be more complicated than SUSY 517(5) or 
50(10), this “indirect evidence” based on the meeting 
of the three SM couplings might be taken with caution. 
Perhaps the dark energy, or equivalently the accelerating 
universe, could be the first “direct evidence” of Grand 
Unification? 


D. The mass of the quintessence axion held az 


The last topic that we would like to discuss in this 
section is the mass of the axion field az- As we mentioned 
above, az would be a massless NG boson if it were not for 
the fact that the global U( 1)^ symmetry is explicitely 
broken by SU(2)z instantons. It then acquires a mass 
which can be computed in a similar fashion to that for 
the PQ axion in QCD 03 

The mass of az can be computed by taking the vacuum 
expectation value of the term JT A7 ip y L / ip y R ’ <j>z + h.c. 
in Eq. ©• From 

(J2 \Ki\$ { L,i 4 ’rI <!>Z+H.c.) = 2 \Ki \Mi vz cos(^)» 

i i 

(61) 

and V’ifi) = Mi one obtains the following mass 

squared for az 


m 


2 

az 


2E i |A7|/if 

vz 


(62) 


An approximate estimate of the upper bound of m az 
can be found by setting y 3 ~ A 3 Z and ]T7 Kj < 1 in m 
giving 


m az < Az ~ 10 10 eV, (63) 

V v z 

where we have set vz ~ 300 GeV for simplicity. In fact, 
if we do not want I\i to be too much smaller than unity 
and since at least m (z) ~ 0(100 GeV), that choice is 

r2 

reasonable for vz- 

From Eq. ©, one can write down the interaction term 
between az and the SU{2)z fermions as follows 

75 4>f ] )az • (64) 

i 


For m az ~ 10~ 10 eV, the range of interaction between 
two ip^s is approximately 1 km. The astrophysical im¬ 
plication of this interaction is under investigation. 

We now turn our attention to two other cosmological 
implications of our model: candidates for the Weakly In¬ 
teracting Massive particles (WIMP) form of Cold Dark 
Matter (CDM), and a mechanism for leptogenesis. The 
latter (leptogenesis) topic will appear as a companion pa¬ 
per while the former (CDM) topic is under investigation. 
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For this reason, the presentations which follow will be 
brief. 


IV. %p [ z .2 AS CANDIDATES FOR COLD DARK 
MATTER 


In this section, we will present a heuristic argument 
suggesting that the SU(2)z fermions ip\ J could be can¬ 
didates for the cold dark matter, keeping in mind that 
the dark matter might very well consist of a mixture of 
different particles. 

As we have discussed above, at high temperatures ip^ 
are in thermal equilibrium with the SU(2)z plasma as 
well as with the SM plasma because of the presence of 
a messenger scalar field which, for definiteness, we will 
take to be ip^. 

In principle, our scenario could contain several “can¬ 
didates” for CDM: ip[ Z ^ and ip [ Z 2 ■ As ^ drops below 
various mass thresholds of these particles, they will start 
the annihilation process that reduces their number. Out 
of the three, would be the most unstable particle. 
In the next section, we will show that its decay which is 
constrained to occur at a temperature Tu larger that the 
electroweak temperature Tew ~ 100 GeV gives rise to a 
SM lepton asymmetry which is reprocessed into a baryon 

asymmetry through the electroweak sphaleron process. 

(Z) 

In what follows, we will only consider ip\ 2 ; as possible 
CDM candidates. 

Since we assume m.(z) > m,(z) > m,(z), it is ob- 

¥*1 W 2 

vious that tp[ Z ' > is stable. From < 0 , one can see that 
ip 2 Z ' > can decay into ip[ z ^ + A^l via a one-loop dia- 
gram. A rough estimate of the decay rate of %p\ gives 
r ( z) ~ (a^ia^! otz) rrc^(z) which could be less than the 
Hubble rate if the Yukawa couplings in 0 are small 
enough. Furthermore, if the Yukawa couplings are suf¬ 
ficiently small so that the interactions freeze out before 
(Z) 

it decays, ip^ ’ could be considered to be stable. When 

T < the number density of 1 P 2 decreases like 

exp(—m/T) until its annihilation rate drops below the 
(Z) 

Hubble rate and ip^ ' drops out of thermal equilibrium. 

(Z) 

To find out about the relic abundance of 7/2 an d of 
(Z) 

ipi ', one needs to know the size of the annihilation cross 
sections. 

One of the most attractive candidates for CDM is a 
stable particle which has an annihilation cross section 
typically the size of the electroweak cross section. Al¬ 
though a detailed analysis is needed in order to make 
a more precise prediction, an insight can be gained in 
this section by noticing that an approximate solution to 
the Boltzmann equation gives the following estimate for 
the fraction of the energy density coming from the relic 


abundance 0 


n 4 z) = 


m 4 z) %< z > 


,3 x 10 


—27 \ —1 

cm sec 


Pc h 2 


Taa 4 z > v > 


), (65) 


where p c = 3 H 2 /8ttG is the critical density, h « 0.72 
and a . (z> is the annihilation cross section for <r . pz). 

In this approximation, © is independent of the ip^ 
mass and depends only on its annihilation cross section 
0. For this reason and using the same approximation, 
we infer that 


o _ "M z) V 

n ^ z) Pc h 2 


,3 x 10 cmP sec 
v ) 


-). ( 66 ) 


In order for fi.(z) and/or f2,(z) or f2.(z> + fi,(z) 
to be of order unity, the annihilation cross sections 
a. . (z> should have a magnitude of the order 3 x 

v 1,2 

10 ~ 27 cm 3 sec -1 /(v). Although tp^ are non-relativistic 
when T drops below their masses, (v) might not be too 
small. For the sake of estimate, let us assume (v) ~ 0.1 c. 
A typical magnitude for the annihilation cross sections 
so that the relic abundance of CDM is of the right order 
would be 


Wa.v# V 


10 


- 36 cm 2 


3 x 10~ 9 
GeV 2 


(67) 


Under what conditions would a . (z> have a magnitude 

1,2 

~ 10- 36 cm 2 ~ 2xip ? In our model, the dominant 
annihilation cross section goes like 




oLzir ) 

rp2 


2 


( 68 ) 


for T < m^z). From Fig. 0 |3 El G] 0 , we can see 

that az(T ) is relatively “flat” for a large range of energy, 

ranging from ~ 10 16 GeV down to approximately m ,<z) 

V J 2 

where it begins to “rapidly” increase. We also see that 
this “flat” value for az(T) depends on the mass of ip^ 
for to^(z) ~ C>(100GeU). Typically, az(T) ~ 1/30 — 

1/40 for to^(z) ~leU — 50 GeV according to Fig. 00 

000. We can now make two generic remarks. 

1) From (1681) and from az(T) 2 ~ 6x 10~ 4 , one can infer 
that T < m^(z) < 1 TeV otherwise ip^ will become 
overabundant. 

2) ip\ ; cannot be too light e.g. < 10 GeV or so since 
this would lead to a cross section which could be too 
large and which could greatly reduce its relic abundance. 
Therefore,if it were to be a CDM candidate, its mass 
should be high enough in value in order for the cross 
section to be of the right order of magnitude since az(T) 2 
is practically “constant” in the interval of interest. 

The above discussion makes clear that, whether or not 
ip[ 2 can be considered to be reasonable WIMP CDMs, 
it is a question which actually depends on the masses 
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of these particles through the magnitude of their anni¬ 
hilation cross sections. Furthermore, the best range of 
masses appears to be of 0(100 — 1000 GeV). It is in¬ 
teresting to note the following fact. As we have seen 
in Section III FI) , this range of masses for both ip[ Z ' and 
ip^ gives a value for the initial SU(2) Z coupling a z {M) 
~ 1/42 which is very close to the (non-supersymmetric) 
SM couplings at a similar scale, which suggests some kind 
of unification as we had mentioned earlier. (A full inves¬ 
tigation of the unification issue is slightly more compli¬ 
cated.') The next question is the following: Which of 
the ip^s is the best candidate or is it both? Below we 
list two possible scenarios with one being more attractive 
than the other. 

• m , (Z ) ~ 0(100 GeV), m . (z) ~ 0(< 10 GeV): 

V J 2 VI 

(Z) 

Here it is unlikely for ip\ ' to be a WIMP because 
of its mass but ip 2 could. However, as we have 
noted above, ip 2 Z ' > decays into ip[ Z ' > + A (Z ). The 
decay rate which arises at one loop depends very 
much on the strength of the Yukawa couplings 

in 0 - in particular the one involving ip[ Z ^ . 

(Z) 

The decay rate of ip 2 ' is approximately F . (z> ~ 

r , 2 

[a z a^z) a.iz)) (m^z) / m^z) ) 4 {m ^ z) /16 tt 2 ). 

For m^(z) ~ 0(m^(z)), one notices that ip 2 ; can 

only survives until the present time (~ 4.3x 10 17 sec 
if a ~(z) a-iz) ~ 10~ 41 which might be quite unnat- 

V>1 V=2 O'! 

(Z) 

ural. Otherwise tp 2 ; will decay out-of-equilibrium 
at some earlier times. Whether or not the decay 
process preserves the desired fraction of the total 
energy density is beyond the scope of this paper 
and will be presented elsewhere. 

• m^(z) ~ m^z) ~ 0(100 GeV), e.g. m, ( z) = 
200 GeV and m^z) = 100 GeV as shown in Fig. 

0 : 

This case appears to be the more desirable one. 
The lighter of the two and hence the stable one, 
namely ip[ Z \ has a mass of 0(100 GeV) and, from 
the results of the above discussion, can have the 
desired relic abundance. Alternatively, a combi¬ 
nation of ip\ z ' > and ip 2 Z ' > ( or its decay product) can 

have the desired abundance. Since ip 2 decays, the 

(Z) 

principal WIMP candidate is actually ip\ . 

One last remark we would like to make in this section 
concerns the present form of the WIMP candidate(s) of 
our model. As we discuss above, SXJ ( 2) z grows strong at 
K z ~ 10 -3 eV. If we assume that this leads to confine¬ 
ment as with QCD, the SU(2) z singlets would be a spin 
zero composite of two ip^s. In priciple, one would also 
have a spin one-half composite of one ip^ and a mes¬ 
senger field. However, the messenger field decays and 


practically disappears long before this “confinement” oc¬ 
curs. Therefore, the present form of WIMP in our model 
would be a chargeless, spin zero SU(2) Z “hadron” whose 
phenomenological implication is briefly discussed in Sec¬ 
tion CD- Presumably the size of this “hadron” would be 
of the order he/ 10~ 3 eV ~ 1 mm which is rather large. 


V. SU{2) Z AND LEPTOGENESIS 


In this section, we will present a brief discussion of the 
possibility of leptogenesis in our model. A full presenta¬ 
tion will appear in a companion article. 

As we have presented above, our model contains two 

SU[2) Z triplet complex scalar fields, ip[ Z ' 1 and Pp: Z) . 

(Z) 

These fields interact with ip\ 2 and the SM leptons via 
Eq. 0. In Section III FI) , one of the two messenger 
fields, ip 2 , was set to have a large mass of the order of 
the “GUT” scale and the evolution of the SU(2) Z cou¬ 
pling on the messenger fields depends only on tp[ Z ' > as 
well as on the SU(2) z fermions. (p\ ; can decay into ip\ 2 
plus a SM lepton. The interference between the tree-level 
and one-loop amplitude for the previous decay generates 
a SM lepton number violation which transmogrifies into 
a baryon asymmetry through the electroweak sphaleron 
process pjij, [20j. An important point to keep in mind 

(Z) (Z) 

is the fact that ip\ 2 are SM singlets and the ip\ 2 num¬ 
ber violation cannot be reprocessed by the electroweak 
sphaleron. So the rule of thumb here is the following: 
SM lepton number violation —> quark (or baryon) num¬ 
ber violation. 

ip\ ; is in thermal equilibrium (with the SU(2) Z as 
well as with the SM plasmas) at T > m^z). When 

T « m^(z), one would like ip>\ to decouple before it de¬ 
cays. The primary condition for a departure from ther¬ 
mal equilibrium is the requirement that the decay rate 
T^z) ~ with a l p 1 = g^.^/VK, is less than the 

expansion rate H = 1.66 gV 2 T 2 /m p i, where g* is the ef¬ 
fective number of degrees of freedom at temperature T. 
As with Q, we can define 


K= (Tfj2H) T=mi 


OPipi Tflpl 


Q Q !/2 _ 

3.3 gj m (Z) 

'Pl 


(69) 


(Z) (Z) * 

When K <C 1, <p\ ; and cp\ ' are overabundant and 
depart from thermal equilibrium. Since the time when 
<£>[ Z ^ decays is i ~ T"^ and since T oc 1/Vt, the tern- 

V1 

perature at the time of decay is found to be (using (ITTT71) ) 
T d ~ AT 1 / 2 m^(z) Q- For this scenario to be effective i.e. 

a conversion of a SM lepton number asymmetry coming 
~(Z) 

from the decay of (p\ 1 into a baryon number asymme¬ 
try through the electroweak sphaleron process, one has 
to make sure that the decay occurs at a temperature 
greater than Tew ~ 100 GeV above which the sphaleron 
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processes are in thermal equilibrium. From this, it fol¬ 
lows that K cannot be arbitrarily small and has a lower 
bound coming from the requirement Tjj > Tew■ One 
obtains 


1 > K > ( 


100 GeV 


(70) 


This translates into 1 > K >0.1, with the lower bound 
getting smaller as we increase rn-(z) ■ 

When T < m ^ 1 and when K < 1, the number density 
of if i is approximately = T 3 /tt 2 (overabundance) 
and the entropy is s = (2/45) <?*7r 2 T 3 , with g * ~ 114 
(including SU[2)z light degrees of freedom). The de¬ 
cay of if i and if i creates a SM lepton number asym¬ 
metry per unit entropy uesm/s ~ 2 x 10" 3 e/ 1 . For 
the SM with three generations and one Higgs doublet, 
one has Ub ~ —0.35 tilsm ~ — 10~ 3 e[ 1 , where ns is 
“processed” through the electroweak sphaleron. Since 
ms/s ~ 10~ 10 , a rough constraint on ef 1 is found to be 


-10 


-7 


(71) 


One can now calculate ef 1 and use the constraint UB 
to restrict the range of parameters involved in the cal¬ 
culation which is carried out in (). In that companion 
article, e/ 31 is calculated at T = 0. Although, care should 
be taken to include finite temperature corrections (see 
e.g. plj). one expects the final result not to be too dif¬ 
ferent from the zero temperature one. ef 1 is defined as 


<pi _ 1 i 

1 Tfr i + r,„ - 


(72) 


' ¥>i 


where F^ i and j contain the sums over all three fla¬ 
vors of SM leptons. A non-vanishing value for e/ 31 in m 
in the interference between the tree-level and one-loop 
dia gram s. The details of the calculations are presented 
in ([ 13 ). We will present here a brief summary of some 
salient features of the results that are obtained there. It 
turns out that the dominant contribution to e/ 1 takes 
approximately the following form (a full expression can 
be found in ( 


y tne 

M))- 


e P , (73) 

i 

where the function / on the right-hand side of m 
contains the dependence on the various Yukawa cou¬ 
plings and phases and is given in ([H|]), 0* are the 
phase angles and i = e,/qr. The function Im{5 Ii) is 

m (Z) 

~ ~^(~~~)( m t ' 2 ) 3 with Im{5I T } being the dominant 

one. In many cases which are examined in ([01), ef 1 
is found to depend pricipally on the Yukawa couplings 
g $ 2 i between the heavier of the two messenger fields, 
<f { ' Z \ to the SU(2)z fermions and the SM leptons. Us¬ 
ing mj and various general arguments, we concluded in 


([S]) that the mass of the decaying and lighter messen- 
~(Z) 

ger field, ip\ , is bounded from above by approximately 

(Z) 

700 GeV — 1 TeV . This upper bound on the <f \ mass in 
conjunction with the values used in the evolution of the 
SU(2)z coupling, namely m^tz) ~ 0(300 GeV— 1 TeV), 
makes it possible to search for signals of the light messen¬ 
ger field at future colliders. We will briefly discuss these 
phenomenological issues below. 


VI. OTHER PHENOMENOLOGICAL 
CONSEQUENCES OF SU{2) z 


In addition to providing a model for the dark energy 
and dark matter as well as a mechanism for SM lep- 
togenesis, one might ask whether or not one can de¬ 
tect any of the SU{2)z particles in earthbound laborato¬ 
ries, namely <p[ Z ^ as well as ip [ Z 2 ■ Let us recall that, 
under SU(2)l ® SU(2)z, these particles transform as 
ip[ Z ^ = (2,3) and ip[ z ^ = (1,3). Therefore, only <f[ Z ' > 

can be produced at tree level by the electroweak gauge 
(Z) 

bosons. ip\ 2 , being electroweak singlets, can only inter¬ 
act with the SM matter either through © or through its 
magnetic moment. 

In the kinetic terms for the messenger fields, and in 
~(Z) 

particular for ip\ , one is interested in the following in¬ 
teractions: W + W~ if[ z ^’° -f- ip[ Z ' > ’ + ip[ Z ' , ’~) and 

Z Z ip[ z ' l ' a + Cp' Z ^'^ if[ Z ' 1 ’ ). These interactions 

will provide the dominant weak boson fusion (WBF) 

production mechanism for a pair of (p\ . A rough 

~ (Z) 

expectation for the production cross section for if\ 
with a mass around 300 GeV is around 1 pb. The de¬ 
cay if[ z ^’° —> ip^ + P is practically unobservable while 
<f^ Z ' > ’~ —> ip^ + K and will have 

charged SM leptons with unconventional geometry, per¬ 
fectly distinguishable from the decay of a 600 GeV SM 
Higgs boson. It is also useful to estimate the length of 
the charged tracks left by ip\ h before they decay. We 
will focus on to-(z) = 300 GeV which is used as an ex- 
ample in this paper, leaving other values to a more de¬ 
tailed phenomenological analysis which will appear else¬ 
where. As we have discussed above, the lifetime of <f\ Z> 
is constrained by the quantity K defined in EH . The 
constraint (ITol) gives 10~ 16 < < 2 x 10 -15 . Since 

r^z) ~ a 0 1 m l p 1 , the decay lengths are approximately 

0.02 cm < l(p x < 1 cm, which are within the range of the 
radial region of a typical silicon detector at CMS and 
ATLAS (40 cm and 60 cm respectively). 


As we discussed above, Vwi could be WIMP CDMs 
and their detection falls into the domain of dark matter 
search. A study is in progress concerning various direct 
signals such as: ip ^ + e —> e + ip [ Z 2 , where e is an 
atomic electron (e.g. in a Rydberg atom); ip\.{ + TV —» 
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(Z) 

ip\ 2 +N, where N is a nucleon, which can occur through 

( Z) 

the magnetic moment of ip\ 2 ■ Also under investigation is 
the possibility of /z — e conversion in our model involving 
the interaction of muons with nuclei, a process which can 
occur at the one-loop level. As we mentioned in Section 
the present form of our WIMP candidate would 
be a chargeless, spin zero SU(2)z “hadron” which is a 
composite of two ip^s and which is of a milimeter size. 

The above discussion represents only a few of sev¬ 
eral phenomenological implications of the SU(2)z model 
which could be tested in future accelerators and dedi¬ 
cated detectors. 


VII. CONCLUSION 

We have presented a model involving a new unbroken 
gauge group SU(2)z which becomes strongly interacting 
at a scale A z ~ 10 -3 eV, starting with a value for the 
gauge coupling, at a high scale ~ 10 16 GeV, which is close 
to that of a typical SM coupling at a similar scale. This 
similarity in gauge couplings at high energies is suggestive 
of a unification between SU(2) Z and the SM. A possible 
scenario for such a unification is briefly discussed here. 

There are several cosmological implications of the 
SU (2 )z model. The most important one is a quintessence 
model for dark energy in which the quintessence field 
is the Peccei-Quinn-like axion az whose potential is 
induced by the SU(2)z instantons. Unlike other 
quintessence models, our scenario involves the existence 
of a false vacuum where the SU(2)z axion is trapped 
as the SU{2) Z plasma is cooled to the temperature 
T ~ Az- This occured when the age of the universe is 
t z « 125±14 Myr (at redshift z ~ 25). The age when the 
acceleration began was computed to be t a ss 7.2±0.8 Gyr 
(redshift 2 ~ 0.67). The energy density of the false 
vacuum started to dominate the (baryonic and non- 
baryonic) matter density at around t eq = 9.5 ± 1.1 Gyr 
(redshift z ~ 0.33). Since the universe is trapped in the 
false vacuum, the equation of state w(az) « — 1. This 
means that the quintessence scenario presented here ef¬ 
fectively mimics the flat A CDM model! The most recent 
supernovae results (up to redshift z = 1) when combined 
with those from the Sloan Digital Sky Survey fits a flat 
A CDM model with w ~ — 1. 

There are two other cosmological consequences of our 

(Z\ 

model: 1) The SU{2)z fermions ^j 2 as candidates of 
Weakly Interacting Massive Particles (WIMP) cold dark 

matter; 2) The decay of the messenger scalar field ; 

(Z) 

into ip\ 2 ; pl us a SM lepton generating a SM lepton asym¬ 


metry which transmogrifies into a baryon asymmetry 
through the electroweak sphaleron process. For (1), we 
showed that, with the masses of ip\ j of 0(100 GeV), 
not only one obtains the initial (high energy) value of 
the SU(2)z gauge coupling to be close in value to those 
of the SM couplings at a similar scale, one also finds that, 
when the temperature drops below their masses, the an¬ 
nihilation cross section is typically of the size of a weak 
cross section which is what is usually required in order for 
the relic abundances of these particles to be of the order 
of the “observed” CDM abundance. For (2), we showed 
that the interference between the tree-level and one-loop 
decay rates of <p\ ' into 2 plus a SM lepton gives rise 
to a non-vanishing SM lepton asymmetry, which can be 

subsequently transformed into a baryon asymmetry. We 

~(Z) 

then showed that, in order for this to happen, ip\ ' has 
to be lighter than ~ 1 TeV. Since = (2,3) under 
SU(2) L <g>SU(2) Zl this mass constraint opens up the pos¬ 
sibility of detecting the messenger fields at the LHC (or 
other future colliders). The details of the leptogenesis 
scenario are presented in a companion article |13j . 

Finally, we end the paper with a brief discussion of the 
detectability of the messenger scalar field as well as other 
processes involving the CDM candidates il>\ f. In par¬ 
ticular, we showed that the production and subsequent 
decay of the messenger field shows characteristic signals 
in terms of the decay geometry as well as the length of 
the charged tracks. The possible detection of ipi 2 as 
CDM matter as well as its contribution to a process such 
as y, — e conversion present interesting phenomenological 
challenges which are under investigation. 

Note added: After this present paper was completed, 
I learned from James ( bj ) Bjorken that an earlier paper 
by Larry Abbott [22| contained some ideas which are 
similar in spirit to those presented here. It would be 
interesting to see if one can apply our model to the idea 
of a “compensating field” presented in Q. 
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FIG. 2: az(E) and a z 1 (E) versus t = ln(E/Az) for m _(z) 
300 GeV. m im — 100 GeV and m .m i = 10 GeV. 











t = ln(E/A z ) 


FIG. 4: az(E) and a z 1 (E) versus t = \n(E/Az) for m _(z) 
300 GeV. m = 100 GeV and m = 1 MeV. 






FIG. 6: a z 1 (E) versus t = ln(JF/Az) for m„(z) = 300 GeV, 
m (z> = 100 GeV and m (zj = 50 GeH starting with 
ai J (M) = 38. Here a^-E = 5.7 x 10“ 2 eH) = 1. 









FIG. 7: az(E) and a z 1 (E) versus t = ln(E/Az) for m _(z) 
300 GeV. m i= 200 GeV and m .iz i = 100 GeV. 







FIG. 8: az(E) and a z 1 (E) versus t = ln(E/Az) for m _(z) 
300 GeV. m i= 200 GeV and m .iz i = 50 GeV. 


























